The relation between skin friction and heat transfer for the compressible turbulent boundary layer with gas injection by Okuno, A. F. & Pappas, C. C.
NASA TECHNICAL NOTE 
THE RELATION BETWEEN SKIN FRICTION 
A N D  HEAT TRANSFER FOR THE 
COMPRESSIBLE TURBULENT BOUNDARY 
LAYER WITH GAS INJECTION 
by C. C. Puppas and Artlbzcr F. Okzcno 
Ames Reseurcb Center 
Moffett FieZd, CuZ$ 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION WASHINGTON, D. C. JUNE 1965 
I 
https://ntrs.nasa.gov/search.jsp?R=19650014923 2020-03-24T05:09:13+00:00Z
TECH LIBRARY KAFB, NM , 
I lll lll Il11 IIH I I1 I IlIll 
0079633 
NASA TN ~ - 2 8 5 7  
THE RELATION BETWEEN SKIN FRICTION AND HEAT TRANSFER 
FOR THE COMPRESSIBLE TURBULENT BOUNDARYLAYER 
WITH GAS INJECTION 
By C.  C.  Pappas and Arthur  F. Okuno 
Ames  Research  Center  
Moffett Field, Calif. 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sale by the Clearinghouse for Federal Scientific and Technical information 
Springfield, Virginia 22151 - Price $2.00 
._ -. -- .... . - .  .. .. _. . ........._.-. ._ ...., , . , -.... . -. - 
THE RELATION BETWEEN SKIN F R I C T I O N  AND HEAT TRANSFER 
FOR THE COMPRESSIBLE TURBUL;ENT BOUNDARY WYEE 
WITH GAS I N J E C T I O N  
By C. C. Pappas and Arthur F. Okuno 
Ames Research Center 
SUMMARY 
Average Stanton numbers and recovery f a c t o r s  of the turbulen t  boundary 
l aye r  w i t h  gas i n j e c t i o n  of helium, a i r ,  and Freon-12 are presented f o r  a i r  
flow over a sharp cone a t  cone Mach numbers of 0.7, 3.67, and 4.35 and 
Reynolds numbers near 2.5 mi l l ion .  The r e l a t i v e  e f fec t iveness  of the in j ec -  
t i o n  gases i n  reducing t h e  hea t - t ransfer  coe f f i c i en t  i s  as expected from 
theory and agrees  w i t h  previously presented l o c a l  measurements. 
Mach number on t h e  reduct ion of Stanton number from i t s  zero i n j e c t i o n  value 
i s  not near ly  so  g rea t  as t h e  e f f e c t  on t h e  reduct ion i n  sk in  f r i c t i o n .  For 
a Mach number of 0.7 the  recovery f ac to r  for a i r  and Freon in j ec t ion  genera l ly  
decreases with increased in j ec t ion  and f o r  helium i n j e c t i o n  t h e  recovery fac-  
t o r  rises t o  a maximum value of 1.25 and then decreases a t  higher r a t e s  of 
i n j ec t ion .  For t h e  supersonic Mach numbers t h e  recovery f a c t o r  i n i t i a l l y  
decreases with i n j e c t i o n  of each gas and then rises t o  values t h a t  can exceed 
1.0 a t  the  highest  i n j e c t i o n  rates. 
The e f f e c t  of 
The r a t i o  of average Stanton number t o  one-half t h e  sk in - f r i c t ion  coef- 
f i c i e n t ,  designated here  as Reynolds analogy f a c t o r ,  w a s  determined over the 
range of experimental var iab les .  For zero gas in j ec t ion ,  the t h e o r e t i c a l  
values of Reynolds analogy f a c t o r  f o r  f l a t - p l a t e  flow are 20 percent  higher 
than experiment f o r  subsonic flow over a cone. S imi la r ly  f o r  supersonic flow, 
t h e  t h e o r e t i c a l  f l a t - p l a t e  value i s  20 percent  higher than t h e  measured value 
on a sharp cone a t  a cone Mach number near 4. 
zero in j ec t ion  f o r  cone flow a t  Mach number 3.7 i s  about 6.5 percent  above t h e  
present  Reynolds analogy f a c t o r  resul ts  f o r  supersonic flow. 
Brad f i e ld ' s  l o c a l  value f o r  
For subsonic flow, t h e  i n i t i a l  t rends  i n  t h e  values of the Reynolds anal-  
ogy f ac to r  of t he  theory and experiment are p a r a l l e l  w i t h  helium i n j e c t i o n  and 
a l s o  w i t h  a i r  in j ec t ion .  With Freon in j ec t ion  the experimental Reynolds anal-  
ogy f a c t o r  i s  constant bu t  the t h e o r e t i c a l  values  increase  l i n e a r l y  w i t h  
in jec t ion .  
For supersonic flow, w i t h  a i r  in j ec t ion ,  the t h e o r e t i c a l  values of 
Reynolds analogy f a c t o r  increase l i n e a r l y  with i n j e c t i o n  and the  experimental 
values genera l ly  decrease w i t h  i n j ec t ion .  With helium in j ec t ion ,  Reynolds 
analogy f a c t o r  increases  i n i t i a l l y  t o  a maximum value near 1.35 and then drops 
off t o  values near 0.55 a t  the high i n j e c t i o n  rates. With Freon i n j e c t i o n  
t h e r e  i s  the least va r i a t ion  i n  Reynolds analogy f a c t o r  of t h e  i n j e c t i o n  gases  
t e s t e d ,  the values  genera l ly  decrease from a value of 1 . 1 t o  a value near 0.77 
a t  the  high rates of in jec t ion .  
INTRODUCTION 
The study of tu rbulen t  boundary layers with surface mass addi t ion  i s  of 
continuing i n t e r e s t .  
lower a l t i t u d e s  of t h e  atmosphere with consequent development of tu rbulen t  
boundary layers along t h e  ab la t ing  surfaces. Similar ly ,  i n t e rcep t  missiles 
a l s o  a t t a i n  high speeds a t  l o w  a l t i t u d e s  and develop turbulen t  boundary 
l a y e r s  with t h e  a t tendant  high surface heat ing and sk in  f r i c t i o n .  Therefore, 
a knowledge of t h e  heat ing and sk in - f r i c t ion  c h a r a c t e r i s t i c s  of t h e  turbulen t  
boundary layer with surface mass addi t ion  i s  e s s e n t i a l  f o r  any mission analy- 
sis  involving s lender  e n t r y  or i n t e rcep t  missiles. 
Slender e n t r y  bodies  maintain high speeds through t o  t h e  
Some theo r i e s  treat t h e  problem of surface mass i n j e c t i o n  i n t o  t h e  turbu- 
l e n t  boundary l aye r ,  bu t  they  requi re  experimental subs tan t ia t ion  a t  c e r t a i n  
t e s t  condi t ions i n  order t o  allow ext rapola t ion  t o  o ther  mission environments. 
Most of t h e  numerous hea t - t ransfer  and s k i n - f r i c t i o n  measurements were per -  
formed over l imi t ed  ranges i n  Reynolds number, Mach number, and walltempera- 
ture r a t i o  and t h e  types of i n j e c t i o n  gases w e r e  r e s t r i c t e d .  Also, t h e  t e s t  
models were small and it w a s  d i f f i c u l t  t o  def ine t h e  e f f e c t i v e  Reynolds number 
of t h e  boundary layer. A systematic comparison of theory and experiment has 
proved t o  be d i f f i c u l t  because of t h e  var ied experimental source material. 
This r epor t  p re sen t s  average hea t - t ransfer  coe f f i c i en t s  and recovery f a c t o r s  
obtained on a sharp 15O porous cone with uniform surface in j ec t ion  of t he  
gases ,  helium, a i r ,  and Freon-12. The Mach number range w a s  f r o m  subsonic t o  
near 5 .  The e f f e c t  of Mach number on t h e  reduct ion i n  average Stanton number 
from i t s  zero i n j e c t i o n  value i s  shown as a funct ion of t h e  in j ec t ion  rate of 
each gas .  The average s k i n - f r i c t i o n  coe f f i c i en t s  of reference l w e r e  con- 
ver ted t o  t h e  t e s t  condi t ions corresponding t o  t h e  hea t - t ransfer  da ta .  
F ina l ly ,  t h e  r e l a t i o n  between average hea t - t ransfer  and sk in - f r i c t ion  coef f i -  
c i e n t s  i s  systematical ly  compared with theory i n  t h e  form of a Reynolds anal-  
ogy f a c t o r ,  2CH/CF, f o r  t h e  Mach number range 0 < M < 5 f o r  each in j ec t ion  gas. 
NOTAT I O N  
A external area of porous surface of cone 
A 1  area used t o  def ine average hea t - t ransfer  coe f f i c i en t s  on cone 
C f  l o c a l  sk in - f r i c t ion  coe f f i c i en t  
‘h l o c a l  Stanton number 
spec i f i c  heat  
average s k i n - f r i c t i o n  coe f f i c i en t  
cP 
CF 
CH average Stanton number 
F i n j e c t i o n  mass flow normal t o  surface; ( pwvw)/( pcuc) f o r  supersonic 
flow, (pwvw)/(pmum) f o r  subsonic flow 
2 
h 
M 
MC 
P r  * 
q 
r 
RC 
RX 
S 
T 
T* 
U 
V 
X 
P 
P 
- 
heat - t ransfer  coef f ic ien t  defined i n  equation, q = h ( T r  - Tw) 
Mach number 
cone Mach number; value a t  cone surface f o r  i nv i sc id  supersonic flow, 
free-stream value f o r  subsonic flow 
Prandt l  number, pcp/k, evaluated at  temperature 
hea t - t ransfer  rate t o  t h e  w a l l  
temperature recovery f a c t o r ,  ( T r  - T c ) / ( T t  - Tc) 
Reynolds number f o r  cone; (ucpcs)/pc f o r  supersonic flow, 
T* 
( uwpws ) / pw 
proper t ies ,  ( ~ P & > / P ~  
f o r  sub sonic flow 
Reynolds number based on dis tance along p l a t e  and free-stream 
e f f e c t i v e  length  of boundary-layer run along t h e  cone 
temperature 
reference temperature, T* = T, i- 0.5(Tw - T,) + O.22(Tr0 - T,) 
ve loc i ty  component p a r a l l e l  t o  cone surface or i n  stream d i r ec t ion  
ve loc i ty  component normal t o  cone surface 
dis tance along f l a t  p l a t e  from leading edge 
v i scos i ty  of gas  
densi ty  of gas 
Sub s c r i p t s  
C cone condition; cone surface value f o r  i nv i sc id  supersonic flow, 
free-stream value f o r  subsonic flow 
g value f o r  i n t e r n a l  coolant 
0 zero i n j e c t i o n  condi t ion 
r ad iaba t ic  or recovery condi t ion 
t stagnat ion condi t ion of stream 
W cone surface condi t ion 
00 free-stream condi t ion 
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PRESENTATION OF DATA AND DISCUSSION 
One of t h e  purposes of t h i s  repor t  i s  t o  present  a comparison of average 
hea t - t ransfer  and sk in - f r i c t ion  coe f f i c i en t s  with surface gas in j ec t ion  i n  
the  form of Reynolds analogy f ac to r ,  2CH/C~, and t o  measure t h e  r e s u l t  with 
respect  t o  t h e o r e t i c a l  p red ic t ions .  An optimum comparison requi res  t h a t  both 
sk in - f r i c t ion  and hea t - t ransfer  measurements be made on t h e  same model i n  t h e  
same flow environment, and with the  same surface d i s t r i b u t i o n  of gas i n j e c t i o n  
and e f f ec t ive  boundary-layer Reynolds numbers. It i s  d i f f i c u l t  t o  incorporate 
two types of instrumentation i n t o  one tes t  model; consequently, two similar 
tes t  models are usua l ly  required.  Therefore, t h e  two primary sources of 
experimental mater ia l ,  references 1 and 2, have been u t i l i z e d  t o  obtain t h e  
average sk in - f r i c t ion  and average hea t - t ransfer  coe f f i c i en t s .  Both tes t s  used 
15' t o t a l  included angle sharp cones, a f a i r l y  uniform surface poros i ty  d is -  
t r i bu t ion ,  near ly  equivalent flow Reynolds numbers, and a free-stream Mach 
number range from 0.7 t o  4.8. 
a i r ,  and Freon-12 (CC12F2) with a molecular weight range from 4 t o  120.9. 
In  both t e s t s  t h e  boundary layer  w a s  made turbulen t  with garnet paper t r i p s  on 
t h e  nonporous t i p  area of t h e  cones. 
The in j ec t ion  gases i n  both cases were helium, 
Effect ive Reynolds Numbers of t he  Tripped Turbulent Boundary Layer 
I n  t h e  representat ion of t he  l o c a l  Stanton number i n  reference 2, t h e  
e f f ec t ive  Reynolds number w a s  based on a length of boundary-layer run as a 
dis tance f rom near t h e  start  of t he  porous surface.  The e f f ec t ive  o r ig in  of 
t h e  boundary layer  with in j ec t ion  w a s  located using shadowgraph p i c tu re s  of 
t he  region where the  boundary layer  i s  rap id ly  thickening and extrapolat ing 
the  boundary-layer thickness  t o  the  zero value. The reason f o r  se lec t ing  t h i s  
e f f ec t ive  length of t h e  boundary layer  ( s t a t ed  on pp. 13-14 of ref.  2) i s  t h a t  
a l l  t he  hea t - t ransfer  measurements were obtained with gas in jec t ion  and the  
zero in j ec t ion  Stanton number values were extrapolated values.  The same def i -  
n i t i o n  of t h e  e f f ec t ive  Reynolds number (as i n  r e f .  2 )  i s  used i n  the  present  
report  t o  represent  the  average Stanton numbers of t he  turbulent  boundary 
layer .  
I n  the  representat ion of t he  t o t a l  sk in - f r i c t ion  coef f ic ien ts  i n  r e f e r -  
ence l t h e  length of t h e  cone ray  was  used i n  t h e  de f in i t i on  of t he  e f f e c t i v e  
Reynolds number of t h e  turbulent  boundary layer  and t h i s  de f in i t i on  i s  
re ta ined  i n  t h e  present  r epor t .  Some explanation i s  required t o  account f o r  
t h e  difference i n  de f in i t i on  of t he  e f f ec t ive  boundary-layer length.  For a l l  
cases, w i t h  or without in jec t ion ,  t he  measured sk in - f r i c t ion  drag i s  f o r  the  
whole wetted area of t h e  cone including a l l  t h e  nonporous forward a rea  where 
t h e  t r i p  i s  located.  With zero in jec t ion  the  e f f e c t  of t he  t r i p  i s  t o  thicken 
the  boundary layer  and move the  e f f ec t ive  o r ig in  of t h e  boundary layer  toward 
the  apex of t h e  cone i n  the  region of diminishing surface area; therefore  t h e  
t o t a l  length of t h e  cone ray i s  a good choice f o r  t h e  e f f ec t ive  length of run 
of t he  boundary l aye r .  With in j ec t ion  t h e  e f f ec t ive  o r ig in  of t h e  boundary 
layer  moves close t o  t he  start of the  porous surface,  bu t  t he  sk in - f r i c t ion  
force  as presented i n  reference 1 always included the  sk in- f r ic t ion  drag of 
t h e  nonporous forward region of t he  cone. Two approaches were possible  with 
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surface in jec t ion ;  one w a s  t o  estimate t h e  sk in - f r i c t ion  drag of the nonporous 
region, subt rac t  t h i s  f r o m t h e  values reported i n  reference 1, and co r re l a t e  
t h i s  sk in- f r ic t ion  coe f f i c i en t  using a Reynolds number based on a length from 
the start of t h e  porous region. The second approach w a s  to adopt t h e  method 
of reference l w h e r e ,  with in jec t ion ,  t h i s  same skin f r i c t i o n  of nonporous 
a rea  i s  included i n  t h e  reported values of skin f r i c t i o n  and t h e  e f f ec t ive  
boundary-layer length i s  defined from the  cone apex. Both methods without 
i n j ec t ion  use t h e  same sk in- f r ic t ion  cor re la t ion  with respect  t o  Reynolds nun- 
ber  but  the method adapted gives sk in- f r ic t ion  coe f f i c i en t  r a t i o s  CF/CF, 
which decrease less with in j ec t ion  because of t h e  lower zero in j ec t ion  value 
and a constant drag contr ibut ion of t h e  t r i p  region. The adapted method, 
( t h a t  of r e f .  1) therefore ,  gives a more conservative reduction i n  skin f r i c -  
t i o n  with in j ec t ion  from t h e  zero in j ec t ion  value. An example of the d i f f e r -  
ence i n  reduction of skin f r i c t i o n  f o r  maximum helium in j ec t ion  r a t e s  of t a b l e  
I, reference 1, f o r  M, values 0.7, 3.21, and 4.30 i s  as follows: The values 
of 
and 0.240 as compared t o  0.468, 0.158, and 0.197 f o r  t h e  other  method. 
differences a r e  5.1, 4.1, and 4.3 percent of t h e  zero in j ec t ion  values,  
CF/CF, r a t i o  from method of reference 1 are, respect ively,  0.519, 0.199, 
The 
Average Skin-Friction Coeff ic ients  
Average sk in - f r i c t ion  coef f ic ien ts  were obtained on a l5O cone with and 
without surface mass in j ec t ion .  The t e s t  cone i s  shown i n  f igu re  1. The 
t o t a l  ax ia l - sk in- f r ic t ion  force on the cone w a s  equal to t h e  r e su l t an t  of t he  
ex terna l  pressure force ,  t h e  base pressure force ,  t he  strain-gage f lexure  
force,  and t h e  measured in j ec t ion  force exerted by t h e  f l e x i b l e  gas supply 
tubing. The average sk in - f r i c t ion  coe f f i c i en t s  of reference 1, supplemented 
by the  l o w  Mach number l o c a l  measurements f o r  a i r  in j ec t ion  of reference 3, 
are presented i n  f igu res  2(a), 2(b) ,  and 2 ( c ) .  
w i t h  i n j ec t ion  t o  t h a t  without i n j ec t ion  i s  p l o t t e d  as a funct ion of Mach num- 
ber  f o r  f ixed values of t h e  in j ec t ion  r a t e  parameter 2F/C 
necessary accompaniment of these  data  a re  the  measurements of t h e  average 
sk in - f r i c t ion  coe f f i c i en t  as a function of Reynolds number a t  each Mach number 
considered; these  values a r e  presented i n  figure 3 f o r  t h e  sharp cone. With 
these  sk in - f r i c t ion  data, the ac tua l  sk in - f r i c t ion  coef f ic ien t  corresponding 
t o  t h e  Mach number, Reynolds number, and gas in j ec t ion  r a t e  of t h e  heat- 
t r a n s f e r  measurements w a s  obtained, thus allowing ca lcu la t ion  of Reynolds 
analogy f ac to r  f o r  t h e  turbulen t  boundary layer  on a 15O sharp cone. 
The r a t i o  of skin f r i c t i o n  
(or 2F/cf ) .  A 
FO 0 
Average Stanton Numbers 
The cone model which w a s  instrumented f o r  hea t - t ransfer  measurements i s  
shown i n  figure 4. The l o c a l  hea t - t ransfer  measurements obtained a t  t h e  f i r s t  
seven thermocouples of ray  A of t he  cone, and presented i n  reference 2, have 
been in tegra ted  t o  obtain t h e  average hea t - t ransfer  values f o r  t h i s  repor t  by 
t h e  equation 
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q = 1 l A 1 ( p v )  A 1  c pg (Tw - Tg)dA 
The average i n j e c t i o n  rate and t h e  average w a l l  temperature were ca lcu la ted  by 
t h e  equations 
and 
These i n t e g r a l s  w e r e  evaluated numerically a t  each w a l l  temperature l e v e l  
f o r  each i n j e c t i o n  rate. A p l o t  of q/Tt as a func t ion  of Tw/Tt w a s  suf- 
f i c i e n t  t o  def ine t h e  hea t - t ransfer  coe f f i c i en t ,  - h, and t h e  recovery tempera- 
- ture,  T,, using t h e  l i n e a r  r e l a t i o n  f o r  
Tw near T,. The Stanton number, CH = h/(pu%)c, with a i r  i n j e c t i o n  w a s  p l o t -  
t e d  as a func t ion  of t h e  i n j e c t i o n  rate, and t h e  values  w e r e  extrapolated t o  . The value of CH obtained f r o m t h e  zero i n j e c t i o n  t o  g e t  t h e  value 
a i r  da ta  w a s  considered t h e  reference value with zero in j ec t ion  f o r  a l l  t h e  
i n j e c t i o n  gases.  The Stanton number r a t i o  values,  CH/CH,, (normalized with 
respec t  t o  t h e  zero i n j e c t i o n  value) are p l o t t e d  as a func t ion  of t he  normal- 
ized i n j e c t i o n  rate, F / C H ~ ,  i n  f igu res  5(a),  5 (b) ,  and 5 ( c )  f o r  t h e  cone Mach 
numbers 0.7, 3.67, and 4.35 f o r  t h e  i n j e c t i o n  gases ,  helium, a i r ,  and Freon-12. 
Smooth curves were drawn through each set  of hea t - t r ans fe r  da ta  corresponding 
t o  t h e  type of i n j e c t i o n  gas .  The dashed por t ions  of t he  f a i r e d  curves are 
ex t rapola t ions  or i n t e rpo la t ions  i n t o  less  well-defined areas of measurements. 
The average hea t - t r ans fe r  coe f f i c i en t  r a t i o ,  CH/CH,, a t  Mc = 0.7 and f o r  a l l  
i n j e c t i o n  gases genera l ly  drops of f  s l i g h t l y  less  r ap id ly  with i n j e c t i o n  rate 
F/cH, 
i n j ec t ion  gases a t  &ch numbers 3.67 and 4.35, t h e  va r i a t ion  of t h e  average 
coe f f i c i en t  CH/CH, 
of t h e  l o c a l  values 
8( f )  of reference 2. Agreement between t h e  va r i a t ion  of t h e  l o c a l  and average 
coe f f i c i en t s  with i n j e c t i o n  w a s  t o  be expected s ince  f o r  a l l  t es t  &ch numbers 
t h e  Ch/cho v a r i a t i o n  with F/C w a s  found t o  be genera l ly  independent of 
Reynolds number (or distance loca t ion  along the'  cone). 
g = h(Tr - Tw) where h = constant 
cHO 0 
t han  t h e  l o c a l  values of Ch/cho with i n j e c t i o n  F/cho. For a l l  
with i n j e c t i o n  i s  i n  genera l  agreement with t h e  va r i a t ion  
Ch/ch,; compare with f igures  7(a) t o  7 ( f )  and 8(a) t o  
h0 
The hea t - t ransfer  coe f f i c i en t s  a t  t h e  two highest  rates of helium in jec-  
t i o n  are included i n  figure 5 ( c )  t o  emphasize t h e  d i f fe rence  between t h e  heat-  
t r a n s f e r  rate t o  t h e  w a l l  and t h e  hea t - t ransfer  coe f f i c i en t ,  as normally 
defined, a t  these  high i n j e c t i o n  rates. The heat  t r a n s f e r  t o  t h e  w a l l  was  
constant and independent of w a l l  temperature f o r  t h e  two highest  i n j e c t i o n  
b 
conditions and, i n  f a c t ,  w a s  higher f o r  the highest  i n j ec t ion  rate. The 
recovery temperature value could not,  of course, be obtained under these 
conditions. 
Average Recovery Factors 
The average recovery f ac to r  with gas in j ec t ion  defined over t he  porous 
area A i  i s  presented i n  f igures  6(a) ,  6 ( b ) ,  and 6 ( c )  for t he  cone Mach num- 
be r s  0.7, 3.67, and 4.35, respectively.  Each experimental value of recovery 
f ac to r  corresponds t o  a value of Stanton number r a t i o  
f igure .  The t rend i n  values of t he  average recovery f a c t o r ,  as indicated by 
t h e  f a i r ed  curves, follows tha t  of t he  l o c a l  values,  discussed i n  some d e t a i l  
i n  reference 2. The var ia t ion  of t h e  recovery f ac to r  with helium in j ec t ion  
rate f o r  t he  Mach number 0.7 tes ts ,  which may seem unusual and i s  noted i n  
reference 2, has some precedent. 
measured i n  a low-speed a i r  stream an increase i n  recovery temperature up t o  
t h e i r  maximum helium in j ec t ion  r a t e  near 
F/CHo values of 0.4 i n  f i g .  6 (a ) ) ;  t h i s  i s  i n  agreement with the  present  
t rend  except t h a t  for i n j ec t ion  r a t e s  higher than  
from the  maximum recovery fac tor  i s  noted. With a i r  and Freon-12 in j ec t ion  
t h e  recovery f ac to r  general ly  decreases w i t h  increased in jec t ion .  
CH/CX, of the previous 
Tewfik, Eckert, and S h i r t l i f f e  (ref.  4 )  have 
F = 0.001 (which would correspond t o  
F/CH, = 0.4 a reduction 
For the  cone Mach numbers 3.67 and 4.35 the  value of recovery f ac to r  for 
each in j ec t ion  gas decreases i n i t i a l l y  w i t h  i n j ec t ion  and then r i s e s  t o  values 
near t o  and la rger  than t h e  zero in jec t ion  value. For high r a t e s  of in jec-  
t i o n  of helium (and of Freon, a t  Mc = 4.35) t h e  recovery temperature exceeded 
t h e  t o t a l  stream temperature (or r = 1.0). To the authors '  knowledge, t h i s  
increase i n  recovery f a c t o r  a t  the  high in j ec t ion  r a t e s  has not been measured 
by other experimenters. The t rend  t o  high values of recovery f ac to r  ind ica tes  
t h a t  t he  hea t - t ransfer  r a t e  t o  t he  w a l l  w i l l  not vary much with change i n  w a l l  
temperature l e v e l  f o r  f i n i t e  hea t - t ransfer  r a t e s .  
Effects  of Mach Number on Reduction of Stanton Number 
With In jec t ion  
The e f f e c t  of Mach number on t h e  reduction i n  average hea t - t ransfer  coef- 
f i c i e n t  with gas in j ec t ion  i s  conveniently shown i n  f igures  7 (a ) ,  7 ( b ) ,  and 
7 ( c )  by p l o t t i n g  
the  in j ec t ion  r a t e  parameter F/CHo. 
number on t h e  reduction of heat t r ans fe r  i s  small; there  i s  a s l i g h t  decrease 
i n  the reduction of hea t - t ransfer  coef f ic ien t  with increase i n  Mach number. 
With helium in j ec t ion ,  t he re  i s  general ly  a decreased effect iveness  i n  reduc- 
ing the Stanton number from i t s  zero in j ec t ion  value with increasing Mach num- 
ber .  Note t h a t  the  dashed symbols i n  f igu re  7 correspond t o  the  values of t h e  
dashed curves i n  f igu re  5. 
the Stanton number i s  g rea t e r  than the  zero in j ec t ion  value a t  the  two high 
Mach numbers 3.67 and 4.35. 
very small on the reduction i n  Stanton number f r o m  t h e  zero in j ec t ion  value. 
C H / C ~ ,  as a function of Mach number a t  constant values of 
With a i r  in j ec t ion ,  t he  e f f e c t  of Mach 
For the low i n j ec t ion  r a t e  value near F/CHo = 0.1, 
With Freon in j ec t ion  t h e  e f f e c t  of Mach number i s  
7 
I .. , 
I 111 111l 
A comparison with figures 2 ( a ) ,  2 (b ) ,  and 2 ( c >  indica tes  t h a t  t he re  i s  
less e f f e c t  of Mach number on t h e  reduction i n  average Stanton number than on 
t h e  reduction i n  t h e  average sk in - f r i c t ion  coe f f i c i en t .  
Stanton number r a t i o  with Mach number could be in fe r r ed  from t h e  l o c a l  heat-  
t r a n s f e r  measurements of reference 2, although t h e  exact magnitude of t h e  
t rend required t h e  in t eg ra t ion  of t h e  l o c a l  var ia t ions .  
This t rend of average 
Rubesin’s theory (ref. 5) p red ic t s  t h e  magnitude of reduction of t h e  
l o c a l  hea t - t ransfer  coe f f i c i en t  with air in j ec t ion  and t h e  t rend with Mach 
number qui te  w e l l  (see f i g .  17, ref. 2 ) .  
t r a n s f e r  coe f f i c i en t  with Rubesin’s theory f o r  a i r  in j ec t ion  i s  made i n  f igu re  
8 over t h e  Mach number range from 0 t o  4, bu t  here the  t h e o r e t i c a l  values at  
Mach number 4 are somewhat higher than the  experimental values. This r e s u l t  
w a s  t o  be expected because the  experimental l o c a l  values of Ch/cho did not 
vary appreciably with Reynolds number when p l o t t e d  as a funct ion of F/cho; 
however, t h e  t h e o r e t i c a l  average values (with in j ec t ion )  up t o  
M = 4, Tw = T t )  are higher r e l a t i v e  t o  t h e  t h e o r e t i c a l  zero in j ec t ion  value 
(see f i g .  8 ( e ) ,  r e f .  5).  
The comparison of t h e  average heat-  
R, = lo6 ( f o r  
Relat ion Between Stanton Number and Skin-Friction 
Coefficient With G a s  In jec t ion  
A comparison of t he  sk in - f r i c t ion  and hea t - t ransfer  coe f f i c i en t s  i s  made 
i n  t h e  f i n a l  figures g ( a ) ,  g ( b ) ,  and 9 ( c )  i n  t h e  form of Reynolds analogy fac-  
t o r  2cH/cF as a funct ion of t he  average i n j e c t i o n  rate F. For air  in jec-  
t i on ,  f i gu re  g ( a ) ,  t h e  experimental values of 2cH/cF obtained f o r  a sharp 
cone a re  compared with t h e  f l a t - p l a t e  theory of Rubesin over nearly t h e  same 
-Mach number range. A t  zero in j ec t ion  the  t h e o r e t i c a l  value exceeds experiment 
by near ly  20 percent f o r  t he  low and high Mach numbers. 
t i o n a l  data  i s  ava i lab le  f o r  judging whether t he  20-percent difference i s  a 
r e s u l t  of comparing cone flow t o  f l a t  p l a t e  flow or whether it i s  a p a r t i c u l a r  
r e s u l t  of t he  experimental techniques. 
cone both l o c a l  heat t r a n s f e r  and skin f r i c t i o n  a t  M, = 3.7 f o r  zero gas 
in jec t ion .  
f igure  7 of t h a t  repor t  i s  2ch/cf = 0.90 (1.265) =1.14 which i s  about 6.5 
percent grea te r  than the  present  r e s u l t  f o r  
than the  
report  t h a t  2ch/cf = Pr*-2’3 M 1.265 f o r  
however, t h i s  r e s u l t  would be based on only two of t e n  experimental heat- 
t r ans fe r  measurements shown i n  f igure  7 .  
Very l i t t l e  addi- 
Bradfield ( r e f .  6 )  measured on a l 5 O  
The mean value of t he  l o c a l  Reynolds analogy f ac to r  obtained from 
Me = 3.67 and 2.7 percent g rea t e r  
Mc = 4.35 r e s u l t .  Bradfield concludes from f igu res  7 and 8 of h i s  
M, = 3.7 represents  t he  cone data;  
The comparison of the  Reynolds analogy f ac to r  of the  cone r e s u l t s  with 
f l a t - p l a t e  theory f o r  a i r  inejection ind ica tes  t h a t  f o r  subsonic flow t h e  
t rends with increased in j ec t ion  F a r e  very similar although the  t h e o r e t i c a l  
values a re  about 20 percent grea te r  than experiment f o r  in jec t ion  values up t o  
F = 0.003. For the  two higher Mach numbers, t h e  t rend  of t he  experimental 
values “H/CF 
theo re t i ca l  values increase l i n e a r l y  with increased in jec t ion .  A t  t he  highest  
i n j ec t ion  rate 
t h e o r e t i c a l  value f o r  
general ly  decreases w i t h  increased in j ec t ion  r a t e ,  whereas the  
F x 0.003 t h e  experimental value i s  about 50 percent of t h e  
Q = 4.0. 
With helium in jec t ion ,  t he  comparison of experimental values f o r  subsonic 
flow can be-made w i t h  t h e  f l a t - p l a t e  theory of Rubesin and Pappas (ref. 7).  
Again, f o r  subsonic flow, t h e  i n i t i a l  t rend  with increased in j ec t ion  of t h e  
experimental and t h e o r e t i c a l  values i s  t h e  same, but  f o r  i n j ec t ion  rates 
F > 0.0007 t h e  t rend  changes and t h e  values tend t o  diverge. For the  two 
highest  Mach numbers, t h e  experimental value of 2cH/cF increases  very rap- 
i d l y  i n i t i a l l y  t o  a maxirmun value of 1.36 and then drops off  t o  a value near 
0.6 at  in j ec t ion  rates of 0.0012. 
Mach number near 4 i s  c e r t a i n l y  much d i f f e ren t  than f o r  t h e  subsonic flow over 
t h e  sharp cone. The considerable var ia t ion  of t h e  experimental value of 
Reynolds analogy f ac to r  with in j ec t ion  rate of helium - and f o r  air - should 
caution against  t h e  common use of t h e  Reynolds analogy value of 1.0 f o r  turbu- 
l e n t  boundary layers  - a t  least f o r  cone flows. 
The t rend  i n  Reynolds analogy f a c t o r  f o r  
With Freon-12 inJect ion,  a comparison with t h e  subsonic theory of refer- 
ence 7 can a g a i n b e  made. 
do not vary as predicted by the  subsonic theory,  t h e  experimental values 
remain a t  The theory indi-  
ca t e s  an i n i t i a l  value 20 percent above experiment and t h i s  value increases  
l i n e a r l y  w i t h  i n j ec t ion  t o  a value of 1.46 a t  an in j ec t ion  rate 
A t  t he  higher Mach numbers, t he  experimental values a t  zero in j ec t ion  a r e  near 
1.1 and then general ly  decrease t o  a value near 0.77 a t  F = 0.0035. 
I n  t h i s  case t h e  experimental values of ~ C H / C F  
2C,/CF M 1 independent of the  in j ec t ion  rate. 
F = 0.0035. 
Apparently then, t h e  l i g h t e r  t h e  in j ec t ion  gas t h e  grea te r  i s  the var ia-  
t i o n  i n  Reynolds analogy f ac to r  with in j ec t ion  and with Mach number from sub- 
sonic t o  supersonic flow. The f l a t - p l a t e  t heo r i e s  considered here do not 
adequately p red ic t  the  behavior of t he  Reynolds analogy f a c t o r  on a sharp cone 
with gas in jec t ion ,  and t h e  experimental var ia t ion  i s  su f f i c i en t  t o  warrant an 
inves t iga t ion  where both skin f r i c t i o n  and heat  t r a n s f e r  can be measured on 
the  same t e s t  model i n  an i d e n t i c a l  f l o w  environment over the  range of t e s t  
var iable  s . 
CONCLUDING REMARKS 
A systematic presenta t ion  and corxparison of experimental average heat-  
t r ans fe r  and sk in - f r i c t ion  coe f f i c i en t s  of t h e  turbulent  boundary layer  has 
been made f o r  a i r  f l o w  over 15' sharp cones with surface in j ec t ion  of t he  
l i g h t  gas helium, a i r ,  and heavy gas Freon-12. Some concluding statements may 
be made concerning t h i s  summary report .  
The r e l a t i v e  e f fec t iveness  of t h e  in j ec t ion  gases i n  reducing t h e  average 
hea t - t ransfer  coefTicient w a s  as expected f r o m  theory and i n  agreement with 
previously presented l o c a l  measurements of reference 2. 
The e f f e c t  of Mach number i n  t h e  range from subsonic t o  M = 4.8, on the 
C H / C ~ , ,  w a s  not near ly  so g rea t  as reduction i n  average Stanton number r a t i o  
t h e  e f f e c t  on the  reduction i n  average sk in - f r i c t ion  coe f f i c i en t  r a t i o  
9 
CF/CF,, bu t  t h e  general  t rend  w a s  that the  r e l a t i v e  reduction i n  hea t - t ransfer  
coe f f i c i en t  decreased s l i g h t l y  with increasing Mach number a t  given in j ec t ion  
rate F/cH,. 
t he  gases, helium, air ,  and Freon-12, obtained on a sharp cone i s  not ade- 
quately pred ic ted  by the  f l a t - p l a t e  theor ies  considered i n  t h i s  repor t .  
t h e  e q e r i m e n t a l  value with in j ec t ion  can d i f f e r  s ign i f i can t ly  from t h e  com- 
monly used value of 1.0. 
The experimental va r i a t ion  of Reynolds analogy f a c t o r  with in j ec t ion  of 
Also, 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field,  C a l i f . ,  March 8, 1963 
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